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ABSTRACT

Systems and methods are described for propelling a liquid
droplet in a Leidenfrost state . A microfluidic device embodi
ment includes , but is not limited to , a solid structure having
a patterned surface, the patterned surface including at least
a first patterned region having a first Leidenfrost temperature
with respect to a fluid material and a second patterned region
having a second Leidenfrost temperature with respect to the
fluid , the first patterned region adjacent to the second
patterned region, the first patterned region defining a path
over which a droplet of the fluid is configured to travel in a
Leidenfrost state .
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LEIDENFROST DROPLET MICROFLUIDICS

below in the Detailed Description . This Summary is not

intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used as an aid

CROSS - REFERENCE TO RELATED
APPLICATIONS
5

The present application claims the benefit under 35
U.S.C. § 119 ( e) of U.S. Provisional Application Ser. No.

61 / 926,436 , filed Jan. 13 , 2014 , and titled “ Leidenfrost
Droplet Microfluidics,” which is hereby incorporated by

reference in its entirety.
FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

in determining the scope of the claimed subject matter.
DRAWINGS

The detailed description is described with reference to the
accompanying figures. In the figures, the use of the same
10 reference numbers in different instances in the description
and the figures may indicate similar or identical items.
FIG . 1 is a diagrammatic top view of a microfluidic device
in accordance with an example implementation of the pres
ent disclosure .

This invention was made with Government support under 15 FIG . 2 is a schematic cross -sectional diagram of a pat
Grant No. FA9451-12 - D -0195 awarded by the Air Force terned physical surface in accordance with an example

Research Laboratory. The Government has certain rights in

implementation of the present disclosure .
FIG . 3 is a diagram of a microfluidic system in accordance
with an example implementation of the present disclosure.

this invention .

FIG . 4 is a flow diagram of a method for controlling the
flow of a liquid droplet using a Leidenfrost droplet micro
The field of microfluidics generally involves the design of fluidic device in accordance with an example implementa
systems for the manipulation of minute volumes of fluids, tion of the present disclosure .
such as through generation of microvolumes of fluids,
FIG . 5A is a scanning electron microscope ( SEM) image
movement of microvolumes of fluids, heat transfer associ- 25 of two laser treated surfaces in accordance with example
ated with microvolumes of fluids, and the like . At the implementations of the present disclosure.
microscale , fluids can behave in ways that differ from the
FIG . 5B is an SEM image of a side view of two laser
behavior associated with the same fluids at the macroscale . treated surfaces in accordance with example implementa
These differences can be exploited to design microfluidic tions of the present disclosure .
systems suitable for chemical applications, biological appli- 30 FIG . 5C is an SEM image of two laser treated surfaces
viewed from the direction of incident laser pulses used to
cations, medicinal applications , and so forth .
treat/ pattern the surfaces in accordance with example imple
SUMMARY
mentations of the present disclosure .
FIG . 5D is an SEM image of two laser treated surfaces
BACKGROUND

20

A microfluidic device includes , but is not limited to , a 35 viewed from normal to the surfaces in accordance with

solid structure having a patterned surface , the patterned example implementations of the present disclosure .
surface including at least a first patterned region having a
FIG . 6 is a 3D surface profile for each of two laser treated
first Leidenfrost temperature with respect to a fluid material samples in accordance with example implementations of the
and a second patterned region having a second Leidenfrost present disclosure.
temperature with respect to the fluid , the first patterned 40 FIG . 7 is a diagram of velocity versus surface temperature
region adjacent to the second patterned region , the first corresponding to droplet motion experiments for two laser
patterned region defining a path over which a droplet of the treated samples in accordance with example implementa
fluid is configured to travel in a Leidenfrost state .
tions of the present disclosure .

A system includes , but is not limited to , a microfluidic
FIG . 8 is a schematic diagram of the flow of vapor from
including , but not limited to , a solid structure having a treated /patterned by femtosecond laser surface processing
patterned surface, the patterned surface including at least a (FLSP ) in accordance with an example implementation of
first patterned region having a first Leidenfrost temperature the present disclosure .
with respect to a fluid material and a second patterned region
DETAILED DESCRIPTION
having a second Leidenfrost temperature with respect to the 50
fluid , the first patterned region adjacent to the second
patterned region , the first patterned region defining a path
Overview
over which a droplet of the fluid is configured to travel in a
Microfluidic technologies can be used in various appli
Leidenfrost state ; the heating element coupled to the first cations where it is desirable to manipulate and control small
patterned region and the second patterned region, the heat- 55 amounts of fluids (e.g. , nanoliter- scale and microliter - scale ).
ing element configured to heat the first patterned region to Microfluidic devices can include continuous flow microflu
the first Leidenfrost temperature and to heat the second idic devices and digital microfluidic devices. Continuous
patterned region to the second Leidenfrost temperature .
flow microfluidics generally involves the manipulation of
A method includes , but is not limited to , introducing a small amounts of liquids in three - dimensional microchan
liquid droplet to a Leidenfrost microfluidic device , regulat- 60 nels via pressure -driven or electrokinetic - driven flows, both

device and a heating element, the microfluidic device 45 a droplet and direction of motion of the droplet on a structure

ing a temperature of the first patterned region to the first of which generally require external forces to maintain the
Leidenfrost temperature, regulating a temperature of the pressure and to maintain the electrokinetic forces, which can
second patterned region to the second Leidenfrost tempera be costly and inefficient. Digital microfluidics generally
ture, and propelling the liquid droplet along the path at the involves the discrete manipulation of small amounts of
Leidenfrost state .
65 liquid, such as via electrowetting processes , which utilize
This Summary is provided to introduce a selection of applications of electric fields on circuitry to influence the
concepts in a simplified form that are further described wetting properties of a surface. In the instant disclosure,

US 10,792,660 B1
3

4

microfluids are controlled via precise manipulation of liquid
droplets in the Leidenfrost state , which demonstrate virtu

material with low thermal mass , that can alter a Leidenfrost
temperature, and that can achieve surface asymmetry during
patterning processes . While two patterned regions are shown
(with the second patterned region 106 adjacent to and / or
surrounding the first patterned region 104 ) , the instant
disclosure is not limited to two patterned regions , where the

ally frictionless -motion of a liquid above a solid surface via
an intervening vapor phase .
When a liquid droplet is placed on a heated surface at a
temperature above the saturation temperature of the liquid ,
the droplet evaporates relatively quickly as a result of
efficient nucleate boiling . Nucleate boiling is generally char
acterized by high heat transfer coefficients from the genera
tion of vapor at a number of favored locations ( e.g., nucleation sites ) on the heated surface. With increasing
temperature and heat flux ( e.g. , near the critical heat flux ),
the formation of more vapor in the vicinity of the surface has
the effect of gradually insulating the heated surface. At high
enough temperatures, these vapor pockets form a stable
vapor film and result in a minimum heat flux . The corre
sponding temperature to this minimum heat flux is referred
to as the Leidenfrost temperature . A droplet in the Leiden
frost state is accordingly supported above a surface in a
nearly frictionless state by the vapor layer, requiring very
little force to initiate and sustain droplet motion . For
instance, a liquid droplet in the Leidenfrost state levitates
above a solid surface on a cushion of its own vapor and can
therefore move freely above the surface without significant
resistance from the surface (e.g. , from friction, surface
tension , and the like ). Due to the lack of friction, a droplet
in the Leidenfrost state can self - propel across the surface as
a result of measured evaporation of the droplet (e.g. , to
maintain the stable vapor film ) and inhomogeneity of the
surface (see, e.g. , Kruse et al . , “ Extraordinary Shifts of the
Leidenfrost Temperature from Multi scale Micro /Nanostruc
tured Surfaces , ” Langmuir, 29 , 9798-9806 ( 2013 ) , which is
incorporated herein by reference ).
Accordingly, the present disclosure is directed to systems
and
methods for the manipulation of a path of travel of a
droplet in the Leidenfrost state . In implementations, the path
of the droplet is defined by placing two dimensional bound
aries , termed Leidenfrost Energy Barriers, along the trajec
tory of a desired droplet path . In implementations, the
boundaries are provided by patterning a surface (e.g. , a
heated surface ) with regions having different Leidenfrost
temperatures with respect to the droplet. The Leidenfrost
Energy Barriers can prevent the crossing of droplets from
one region to another to thereby define a preferred path of
travel of the droplet in the Leidenfrost state. The patterned
surfaces can include angled microstructures oriented in
specific directions (e.g. , directional surfaces ) having unidi
rectional properties associated with the path of travel of the
droplet to control of the speed and direction of the droplet,
where asymmetries in the patterned surfaces can cause the
droplet to move in a preferred direction , with speed being
governed by a degree of asymmetry.
In the following discussion , example structures for
Leidenfrost Droplet Microfluidics and implementations of
techniques for manipulation of a path of travel of a droplet
in the Leidenfrost state are presented.

patterned surface 102 can include more than two ( e.g. , three
or more) patterned regions in various configurations. In

implementations, the first patterned surface 104 has a first
a microfluid droplet ), whereas the second patterned surface

10 Leidenfrost temperature with respect to a fluid material (e.g.,
106 has a second Leidenfrost temperature with respect to the
fluid material to thereby provide a Leidenfrost Energy
Barrier between the first patterned surface 104 and the
15 second patterned surface 106. The Leidenfrost Energy Bar
rier prevents travel of a droplet of the fluid material from the
first patterned surface 104 to the second patterned surface
106 , and instead controls or constrains the path of travel to
the first patterned surface 104. The differing Leidenfrost
20 temperatures between surfaces can be attributed at least in
part to the differing configuration of microstructures of the
surfaces ( see , e.g. , Kruse et al . , ibid, incorporated by refer
ence herein ). In general, the patterned regions of the pat

terned surface 102 are functionalized surfaces to provide one

25 or more of controlled wettability, capillary wicking, micro/

30

35 mechanisms
including, but not limited to , preferential abla
tion , capillary flow of laser - induced melt layers, and rede
40

45
50

55

EXAMPLE IMPLEMENTATIONS

Referring to FIG . 1 , a microfluidic device 100 is provided 60
from a top view perspective . As shown , the microfluidic
device 100 includes a patterned surface 102 having a first
patterned region 104 and a second patterned region 106. The
patterned surface 102 is generally composed of any material
suitable for inducing a liquid material into a Leidenfrost 65
state , such as through heating of the surface . Accordingly, in
implementations the patterned surface is composed of a

nano structured features, and so forth . The patterning can be
applied to a surface of a material through a variety of
processing techniques including, but not limited to , ultra
short laser surface processing (e.g. , femtosecond laser sur
face
processing ( FLSP )), coating , or other film deposition
techniques ( e.g. , atomic deposition ). In implementations, the
first patterned region 104 and the second patterned region
106 are patterned via FLSP processing techniques to provide
functionalized surfaces through a combination of growth

position of ablated surface features.
In implementations, the FLSP processing techniques are
utilized to provide the first patterned region 104 with one or
more of a below - surface-growth (BSG) mound pattern, an
above- surface -growth (ASG) mound pattern , and a nano
structure - covered pyramid (NC -pyramid ) pattern , which are
described in Kruse et al . , ibid, incorporated by reference
herein . Similarly , the FLSP processing techniques can be
utilized to provide the second patterned region 106 with one
or more of a below -surface - growth (BSG) mound pattern , an
above- surface - growth (ASG) mound pattern, and a nano
structure -covered pyramid (NC -pyramid ) pattern . In gen
eral, FLSP conditions such as laser fluence , incident pulse
count, polarization , and incident angle , can be varied to
generate varying microstructure patterns, such as the size ,
density, and type of micrometer and nanometer -scale surface
features that make up the BSG mound patterns, the ASG
mound patterns and the NC -pyramid mound patterns. In
implementations, the patterning of the first patterned region
104 differs from the second patterned region 106 to provide
the Leidenfrost Energy Barrier at the junction between the
respective regions. For example, in an implementation, the
first patterned region includes at least one of a below
surface -growth ( BSG ) mound pattern , an above -surface
growth ( ASG ) mound pattern , and a nanostructure - covered
pyramid (NC - pyramid ) pattern , and the second patterned
region includes a different pattern including at least one of
a below -surface - growth (BSG) mound pattern , an above
surface -growth (ASG ) mound pattern , and a nanostructure
covered pyramid (NC -pyramid ) pattern , such as to utilize
the Leidenfrost Energy Barrier to constrain the path of travel
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of a liquid droplet to the first patterned region 104 , and to

6
can be seen, the travel direction includes a horizontal

avoid having the droplet travel to the second patterned component (e.g. , the horizontal portion of the vector of
region 106 due to the presence of the Leidenfrost Energy travel 212 that is parallel to the horizontal plane I ) that is in
Barrier. Directionality of the travel path of the droplet can be the same direction as a horizontal component of the angle
controlled , which is described with regard to FIGS . 2 and 8 5 (am) from normal to a top surface ( e.g. , to the peak 210 ) of
below. Velocity of the travel path can also be controlled, the microstructure 202. Stated generally, the direction of
motion of the liquid droplet in the Leidenfrost state above
which is described with regard to Example 1 below.
Referring to FIG . 2 , a patterned surface 200 is shown with the patterned surface 200 is substantially oriented as in the
a plurality of microstructures 202 protruding at an angle general direction as pointed by the angled microstructures
from a substrate material 204. The microstructures 202 10 from the substrate material 204 to the peak 210. This is also
include a layer of nanoparticles 206 positioned on ( e.g. , conceptually provided in FIG . 8 , described below, which
formed on ) a surface 208 , 214 of the microstructures 202. In considers the path of vapor evaporated from the liquid
implementations, the substrate material 204 is physically droplet during maintenance of the Leidenfrost state .
patterned to produce the microstructures 202 and the nano
In implementations, the substrate material 204 and the
particles 206 positioned on the surface 208 , 214, such as 15 microstructures 202 formed thereby are comprised of mate
through techniques including , but not limited to femtosec rials including, but not limited to , nickel , nickel alloy, gold ,
ond laser surface processing ( FLSP ) , which can develop the gold alloy, stainless steel alloy ( e.g. , 304 SS ) , titanium ,
layer of nanoparticles 206 through a combination of growth titanium alloy, aluminum , aluminum alloy, copper, copper
mechanisms including, but not limited to , preferential abla
alloy, zirconium alloy ( e.g. , Zircaloy ), silicon carbide, Inc
tion, capillary flow of laser -induced melt layers, and rede- 20 onel alloy (e.g. , Inconel 740h) , silicon , silicon alloy, germa
position of ablated surface features. In implementations, by nium , germanium alloy, and mixtures thereof. In implemen
controlling FLSP conditions such as laser fluence, incident tations , the nanoparticles 206 are comprised of the same
pulse count, polarization , and incident angle , the size and materials as the microstructures 202 , and can additionally or
density of both micrometer and nanometer - scale surface alternatively include oxides thereof.
features can be tailored to thereby produce a multiscale 25 Referring to FIG . 3 , a system 300 for the manipulation or
metallic surface, which can affect heat transfer associated control of a path of travel of a droplet in the Leidenfrost state
with, inter alia , Leidenfrost temperature control ( see , e.g. , is provided. The system includes a Leidenfrost microfluidic
Kruse et al . , ibid ; Zuhlke, “ Control and Understanding of the device 100 , (e.g. , as described with reference to FIG . 1 to
Formation of Micro /Nanostructured Metal Surfaces Using include a first patterned region 104 and a second patterned
Femtosecond Laser Pulses,” UMI Number: 3546643 ; 30 region 106 ) and a heating element 302 operably coupled to
Zuhlke et al . , “ Comparison of the structural and chemical the Leidenfrost microfluidic device 100. In implementa
composition of two unique micro / nanostructures produced tions , the heating element 302 is coupled to the first pat
by femtosecond laser interactions on nickel , ” Appl. Phys. terned region 104 and to the second patterned region 106 to
Lett. 103 , 121603 (2013 ) ; Zuhlke et al . , “ Fundamentals of regulate a temperature of the respective regions. For
layered nanoparticle covered pyramidal structures formed 35 example, the heating element 302 can heat or regulate the
on nickel during femtosecond laser surface interactions,” heat of the first patterned region 104 to a first Leidenfrost
Applied Surface Science 283 (2013 ) , 648-653 , which are temperature with respect to a fluid material and can heat or
incorporated herein by reference ).
regulate the heat of the second patterned region 106 to a
The microstructures 202 protrude from the substrate second Leidenfrost temperature with respect to the fluid
material 204 at an angle that can depend on the processing 40 material. In general, the heating element 302 can be any
technique utilized to provide the microstructures 202. For device sufficient to heat, maintain a temperature or heat flux ,
example, with an FLSP technique, the incident angle of the regulate a temperature or heat flux, and so forth , of the
laser can define the angle of protrusion of the microstruc patterned regions of the Leidenfrost microfluidic device 100
tures 202 formed thereby. As shown in FIG . 2 , the micro
in order to maintain a droplet in a Leidenfrost state on a path
structure 202 is shown to protrude at an angle ( shown as am) 45 of travel on / above the first patterned region 104 while
measured from normal to a horizontal plane (I ) to a peak 210 avoiding transfer to and travel on / above the second pat
of the microstructure, which may correspond to an incident terned region 106 due to the Leidenfrost Energy Barrier. For
angle of the laser used to treat the substrate material 204. In example, the heating element 302 can include , but is not
implementations, the microstructures 202 are angled limited to , a heating block with a plurality cartridge heaters
between zero degrees and seventy degrees from normal to 50 to maintain the respective patterned surfaces at their respec
the horizontal plane ( I ) . However, the present disclosure is tive Leidenfrost temperature values with respect to the fluid ,
not limited to such range, where the orientation of the and can further include one or more thermocouples config
microstructures 202 and the precision thereof can vary ured to determine the temperature of the surface of the
depending on the material type of the substrate material 204 , respective patterned regions, and can further include a

limitations associated with fabrication techniques used to 55 temperature controller with a thermocouple feedback loop to

pattern the substrate material 204 , and so forth , and the

angled microstructures 202 can therefor reasonably vary
outside the aforementioned range of zero degrees and sev

enty degrees from normal relative to the horizontal plane (I ) .

control the surface temperatures of the respective patterned

regions.
Example Methods

Referring to FIG . 4 , a flow diagram of a method 400 for

A droplet of a liquid material in a Leidenfrost state would 60 manipulating or controlling a path of travel of a droplet in

be suspended over the microstructures 202 via a stable vapor
film . In this state, the motion is virtually frictionless due to
the presence of the vapor film between the droplet and the
patterned surface 200. Accordingly, very little energy is
required to initiate or sustain motion of the droplet relative 65
to the patterned surface 200. A travel direction of the droplet
over the patterned surface is indicated by 212 in FIG . 2. As

the Leidenfrost state is provided. Method 400 includes
introducing a liquid droplet to a Leidenfrost microfluidic
device in block 402. In implementations, the Leidenfrost
microfluidic device includes the components of the micro
fluidic device 100 described above. For example, in imple

mentations, the Leidenfrost microfluidic device includes a
solid structure having a patterned surface, the patterned
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surface including at least a first patterned region having a
first Leidenfrost temperature with respect to a fluid material
and a second patterned region having a second Leidenfrost
temperature with respect to the fluid , the first patterned

atmosphere during processing. Furthermore , surface fea
tures induced by one laser pulse affect the absorption of light

patterned region defining a path over which a droplet of the

seconds duration with a central wavelength of 800 nm at a

from subsequent pulses , which results in feedback during
The fabrication laser was a Ti : Sapphire (Spitfire, Spectra
region adjacent to the second patterned region, the first 5 Physics
) that produced pulses of approximately 50 femto

fluid is configured to travel in a Leidenfrost state.
Method 400 also includes regulating a temperature of the
first patterned region to the first Leidenfrost temperature in
block 404. For example, a heating element, such as heating
element 302 can be utilized to heat , maintain a temperature
or heat flux , regulate a temperature or heat flux, and so forth ,
of the first patterned region to provide the first Leidenfrost
temperature with respect to the liquid droplet. Method 400

formation .

10

15

1 kHz repetition rate . The laser power was controlled
through a combination of a half -wave plate and a polarizer.
The pulses were focused using a 125 mm focal length
plano -convex lens (PLCX -25.4-64.4 - UV -670-1064 ) with a
broadband antireflection coating covering the laser spec
trum . The sample was placed on a computer -controlled 3D
translation stage and translated through the beam path of the
laser in order to process an area larger than the laser spot
size . The number of pulses incident on the sample was
controlled by adjusting the translation speed of the sample .
The angle of the surface structures was controlled by the
incident angle of the laser on the target surface ; the surface

also includes regulating a temperature of the second pat
terned region to the second Leidenfrost temperature in block
406. For example, a heating element, such as heating ele
ment 302 can be utilized to heat, maintain a temperature or
developed with peaks that point in the direction of
heat flux , regulate a temperature or heat flux , and so forth , 20 structures
incident laser .
of the second patterned region to provide the second Leiden theTwo
steel samples were fabricated with micro
frost temperature with respect to the liquid droplet, thereby structurestainless
angles
of
45 ° and 10 ° with respect to the surface
forming a Leidenfrost ergy Barrier with respect to the first normal and then utilized
to demonstrate the ability to
patterned region and the second patterned region due to self-propel Leidenfrost droplets
. These samples are charac
maintenance of the differing Leidenfrost temperatures . 25 terized by mound- shaped microstructures
that are covered in
Method 400 further includes propelling the liquid droplet a layer of nanoparticles and are angled versions
of Above
along the path at the Leidenfrost state in block 408. For Surface Growth (ASG) Mound structures. Various fabrica
example , the path is defined by the first patterned region , tion parameters and surface characteristics of the two
where the droplet can self -propel due to evaporation forces , 30 samples are provided in Table 1. The two samples were
drag forces, and so forth , while suspended by a stable vapor fabricated with the same pulse energy. Because the laser was
film between the droplet and the first patterned region . While incident on the sample at an angle for each sample, the spot
propelling along the path defined by the first patterned on the sample was elliptical , resulting in a differing size for
region , the liquid droplet can be maintained along that path each sample . The elliptical beam profile on the target sample
by the Leidenfrost Energy Barrier defined by the respective 35 ( see FIG . 5A) is due to the non -normal incident angle of the
differences in Leidenfrost temperatures of the first and laser . The parallel and perpendicular dimensions given in
second patterned regions, thereby preventing the liquid Table 1 refer to spot size dimensions relative to the laser
droplet from traveling onto the second patterned region .
direction .
TABLE 1

Structure

Pulse

Laser Parameters and Surface characteristics .
Peak
Structure
Number
Spot
Spot Dia .
Spacing
of Laser Dia . ( um ) ( um ) ( Perpen to - Valley

Angle

Energy (UJ)

Shots

( Parallel)

dicular)

45
10

700

500

328

700

500

188

232
224

EXAMPLE IMPLEMENTATIONS

Example 1

50

Height (um ) ( Parallel) ( um )
17
57

27
29

Structure Spacing
( Perpendicular)
(um )
17
30

Referring to FIGS . 5A - 5D , scanning electron microscope
( SEM) images of the two samples are provided , where the

top image of each SEM image relates to the 45 degree
sample and where the bottom image relates to the 10 degree
sample. The arrows on the images represent the projected
direction of the incident laser pulses used to form the
samples
. FIG .5A provides images of alaser damage site on
the target samples after exposure to 500 laser pulses with a
pulse energy of 700 u ), where each image is 400x with a 100

A Femtosecond Laser Surface Processing ( FLSP ) tech
nique
used topattern
generateof 316
stainless
surfaces with. 55
a quasiwas
-periodic
angled
surfacesteel
microstructures
Surface features (i.e. microstructures and nanostructures ),
generated using the FLSP technique, are formed by directly um scale bar. FIG . 5B provides images viewed from the side
shaping the surface of the bulk material through absorption of the samples, where the top image is 1200x with a 50 um
of energy from multiple femtosecond laser pulses . Absorp- 60 scale bar, and the bottom image is 600x with a 100 um scale
tion of laser energy initiates a complex combination of bar. FIG . 5C provides images viewed from the direction of
multiple self - organized growth mechanisms including laser the incident laser pulses (e.g. , 45 degrees from normal for
ablation, capillary flow of laser - induced melt layers , and the top image , 10 degrees from normal for the bottom
redeposition of ablated material. The size and shape of the image) , where each image is 1200x with a 50 um
, scale bar.
features are controlled through fabrication parameters 65 FIG . 5D provides images viewed normal to the surface of
including the laser fluence, the number of laser shots per each sample, where the images are 1200x with a 50 um
area incident on the sample, the laser incident angle , and the scale .
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The structure spacing values in Table 1 were obtained by
a 2D Fast Fourier Transform (FFT ) analysis of the images in
FIG . 5C and represent the peak values in the directions
parallel and perpendicular to the laser. The peak - to - valley
structure heights were measured using a 3D Confocal Laser
Scanning Profilometer (Keyence, VK - X200 ) ; these images
are shown in FIG . 6 and correspond to the same surfaces
imaged in represented in FIGS . 5A - 5D . These images were
taken at a viewing angle normal to the sample surface. The
markedly smaller peak -to -valley structure heights of the 45º
sample relative to the 10 ° sample are due to the larger spot
size ( see Table 1 and FIG . 5A) and thus decreased laser
fluence on the sample. This relatively lower laser fluence
results in decreased surface fluid flow during processing and
thus reduced structure development. The two samples were
superhydrophilic; this was determined by measuring 0 °
contact angles with a Ramé- Hart Goniometer. Due to the
superwicking nature of the surface, the droplet would per
fectly wet the surface and was not able to be directly imaged .
The superhydrophilic nature of the surface is a result of the
fabrication process .
Each of the experimental samples was fabricated on a
2.5 " x1" piece of polished 316 stainless steel plate. The
laser - structured area was 0.5 " wide and 2 " long and was
located in the center of the plate . Each processed sample was
then placed onto a leveled copper heating block heated by
five cartridge heaters. Four K -type thermocouples (Omega
5TC - GG - K - 36-72 ) were epoxied ( Omega OB - 200-2 ) to the
surface of the test sample in order to accurately determine
the surface temperature . The surface temperature was monitored with the use of control system software tools ( e.g. ,
LabVIEW) . The surface temperature was controlled through
the use of a Ramé- Hart precision temperature controller
( Ramé -Hart 100-50 ) and a thermocouple feedback loop .
Droplet size and dispensing was controlled by a Ramé -Hart
computer controlled precision dropper (Ramé -Hart 100-22 ) .
Deionized water was used as the working fluid with droplet
sizes of 10.5 uL (diameter of 2.8 mm ). This size was chosen
because it corresponds to the droplet size that easily
detaches from the needle by gravity alone . Droplets were
released close to the surface to limit the effects of the impact
velocity . From high speed video analysis, using two succes
sive frames immediately before impact, it was determined
that the droplets impacted the surface with a velocity of

approximately 20 cm / s . This corresponds to a Weber number
of around 1.5 which is considered to be relatively small . The
Weber number can be determined via the following equa

tion :

We = pDV . )/ 0

(1 )

10

7. Droplets were released onto the surface about 0.5 " from
one processed end, leaving about 2.0 " of processed length
for the droplet to traverse. Velocities presented in FIG . 7
correspond to the maximum droplet velocities at the edge of
5 the processed surface . Each velocity data point corresponds
to an average velocity of ten individual droplets and the error
bars correspond to the standard deviation of these ten
droplets. As can be seen from the graph, the two curves have

similar features yet significant differences. Both curves
10 exhibit a local maximum towards lower surface tempera
tures . The 45 degree sample has a maximum velocity of 19.2
cm / s at a surface temperature of 310 ° C. while the 10 degree
sample has a maximum velocity of 13.5 cm / s at a surface
temperature of 256 ° C. For both samples, droplet velocities
15 gradually decrease as the surface temperature is decreased
from the maximum observed velocities . At the lowest tem
perature recorded , both samples displayed a spike in the
droplet velocity. In the case of the 10 degree sample , this
spike in velocity was nearly the same as the local maximum
20 found at 256 ° C. Velocities could not be recorded below
225º C. as violent nucleate boiling resulted in the destruction
of the liquid droplets. Although the droplet velocities were
relatively high at the lowest temperatures, the motion is
relatively unstable due to the possibility of nucleate boiling
25 and is thus undesirable for most applications. As the surface
temperature is increased beyond the value at the maximum
droplet velocity, droplet velocities again decrease but at a
much faster rate , especially for the 45 degree sample .
The results shown in FIG . 7 provide at least two regions
30 of interest for each sample, which correspond to tempera
tures above and below the Leidenfrost temperature of the
surface of each sample. The Leidenfrost temperatures for the
10 ° and 45 ° sample were estimated to be 330 ° C. and 360 °
C. , respectively. The Leidenfrost temperature of each sur
35 face was estimated by the change in the slope of the curves
and the standard deviations of the velocities (FIG . 7) as well
as the visual differences in the droplet behavior, captured
with the high speed video images . The slope of the curves in
FIG . 7 changes at 330 ° C. and 360 ° C. for the 10 ° and 45 °
40 samples, respectively. To the left of these temperatures, the
standard deviations are significantly larger. This indicates
that intermittent contact between the droplet and the surface
is occurring and the droplet is not in a stable film boiling
state . Because this intermittent contact promotes an explo
45 sive type of energy transfer, it results in a wide range of
droplet velocities and thus larger standard deviations. High
speed images of the droplets at temperatures below the
Leidenfrost temperature for both samples (e.g. , 320 ° C. for
the ten degree sample, 340 ° C. for the forty five degree
50 sample ) and at the Leidenfrost temperature for both samples
(e.g. , 330 ° C. for the ten degree sample, and 360 ° C. for the
forty five degree sample) show a distinct visual difference in
the images of the droplets between the two temperatures for
each sample . For both samples , the droplets appear to be
55 white in color and asymmetrical ( e.g. , non -spherical shape
characteristics) at temperatures below the Leidenfrost tem
perature. This indicates that the droplets are being disturbed
by intermittent contact. At these temperatures, it can also be
seen from the high speed video that the droplets tend to jump
60 and bounce much more frequently and eject smaller satellite
drops. This is characteristic of not having a fully developed
vapor film between the droplets and the heated surface and
thus below the Leidenfrost region . Flow / thermal instabilities

where p is the liquid density, D , is the droplet diameter, V.
is the impact velocity, and o is the surface tension . At room
temperature, p = 998 kg/m² and o= 73 mN / m .
All videos were recorded with the use of a high speed
camera ( Photron Fastcam SA1.1 ) , set at 250 frames per
second. From the high speed video images , droplet veloci
ties across the samples were calculated using a Matlab
droplet tracking program which tracks the centroid of the
droplet. This program calculates the instantaneous horizon
tal droplet velocity between successive frames and then
gives an average velocity profile for the entire droplet
motion . The program was validated against droplet veloci
ties manually calculated from still images using a movie
editing software ; the two methods were in excellent agree lead to the non -spherical shapes and ejection of satellite
ment.
65 droplets. At temperatures at or above the Leidenfrost tem
The data obtained from the droplet motion experiments perature, the droplets appear to be very spherical and clear
for the two distinct angled microstructures are shown in FIG . in color. This is due to the stable vapor film below the
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droplet. The Leidenfrost temperatures estimated by this range of 250-360 ° C. resulted in nearly a 100 % success rate ,
technique are within the expected range for surfaces created meaning that a droplet placed on the surface in this tem
by a femtosecond laser process. The variation in the Leiden perature range would remain on the processed area and
frost temperature between the two samples is due to the travel the complete length . At temperatures below this range ,
differences in the surface microstructures ( see , e.g. , Kruse et 5 the success rate decreased quite rapidly due to droplets
al . , ibid, incorporated by reference herein ).
exploding or boiling when coming into contact with the
In general, there are two mechanisms that aid to the surface . At higher temperatures the success rate , once again ,
motion of the droplet. The dynamic balance between these also decreased to around 50% . At these higher temperatures
two mechanisms results in the characteristics of the velocity the droplet was very sensitive to the transition from the
curves
shown in FIG. 7. At temperatures below the Leiden- 10 needle to the surface. With a stable vapor layer at these high
frost temperature , droplet motion results from the directional temperatures and a nearly frictionless state , it was observed
ejection of vapor due to intermittent contact between the that if the droplet had any undesirable momentum from the
liquid droplet and microstructures. When this intermittent release it was more likely to travel in an undesirable direc
contact happens, heterogeneous boiling occurs and vapor is
violently released from the droplet resulting in higher drop- 15 tion
. Because the force acting on the droplet at these high
let velocities . This heterogeneous boiling is likely the cause temperatures is fairly small , it is much more difficult to
of the velocity spikes for both samples at 225 ° C. At these correct the initial droplet direction .
The direction of liquid droplets in the disclosure was
lower temperatures contact is more likely to happen and
energy is more easily transferred to the droplet. At tempera
found to be opposite to that of ratchet microstructures
tures above the Leidenfrost temperature, a stable vapor film 20 regardless of surface temperature and structure size . The
is created and thus intermittent contact between the droplet mechanism used to describe the motion of a Leidenfrost
and microstructures is less likely to happen. At these tem
droplet on a ratchet surface can be referred to as the viscous
peratures, the droplet motion mechanism is dominated by mechanism . This mechanism is based on the eferential
viscous stresses that drag the droplet in the direction of the direction of vapor flow underneath the droplet. This vapor

vapor flow . Because this mechanism is not abrupt like in the 25 flow drags the droplet in a direction opposite to the tilt of the
case of intermittent contact, it produces a smaller but more

ratchet as a result of viscous stresses . This is in contrast to

stable force on the droplet and consequently slower veloci the results of this example. For instance, with regard to a
ties . The local maximums for both samples are most likely ratchet
structure, a structure differing from the FLSP micro
due to an optimal combination of these two mechanisms.
structures
provided herein , the vapor from an evaporating
The overall larger velocities of the 45 degree sample 30 liquid droplet
flows in the direction of descending slope on
relative to the 10 degree sample can be attributed to the the teeth of a ratchet
(e.g. , in an x -direction ). When the flow
difference in microstructure angle between the two samples. encounters the next ratchet
at its vertical surface , the vapor
The 45 degree angle results in a more favorable horizontal is redirected 90 ° in the horizontal
plane (e.g. , y - direction )
force component on the droplet during intermittent contact

at lower temperatures. The differences at higher tempera- 35 and
flows down the ratchet channels, without an updraft
along the vertical surface . Flow in the y - direction is unob
tures can be explained by a combination of the microstruc structed; therefore there exists only a net force in the
ture size and the viscous drag mechanism . For the 10 degree x - direction , which results in the motion of the droplet with
sample, the droplet velocity decreases very rapidly with
increasing temperatures to reach what seems to be a local the same direction as the vapor flow . This also means that
velocity plateau ( e.g. , 370 ° C. ) . At temperatures higher than 40 each of the ratchet segments is cellular in the x - direction and
370 ° C. in the case of the 10 degree sample, droplet develops a similar, yet independent, flow and force. In the
velocities increase with increasing temperatures due to the instant disclosure, the angled FLSP microstructures are three
increased heat flux to the droplet and a corresponding higher dimensional and self -organized, thus they result in no chan
vapor flow velocity. No velocities were recorded for the 45 nel in the y - direction, unlike with ratchet structures . This

degree sample above 380 ° C. because the droplet no longer 45 difference can contribute to why the direction of droplet
displayed a preferential directionality. In these temperature

ranges there is little to no intermittent contact and the

motion is different between ratchet structures and FLSP

microstructures. As shown schematically in FIG . 8 , when
vapor is released from a droplet on angled FLSP microstruc
tures, the released vapor can initially follow a profile down

dominant mechanism is the viscous drag mechanism . The 45
degree sample has microstructure heights significantly
smaller than the 10 degree sample ( see Table 1 ) . This 50 the top surface of the microstructure. However because with
difference in height is the main reason for the different trends the angled FLSP microstructures, there is no continuous path
at higher temperatures and the lack of directionality for the in the y -direction , the vapor flowing into the spacing sur
45 degree sample. The viscous drag mechanism is an rounded by neighboring microstructures is forced to be

interaction between the vapor flow , the microstructure redirected nearly 180 ° . The redirected vapor drags the
geometry
, and the droplet base . At high temperatures, the 55 droplet through the viscous forces and causes the droplet to
vapor layer is fully developed and relatively thick . In the move in the opposite direction than with ratchet microstruc
case of the 45 degree sample, it is likely that the vapor layer tures .
is thick enough to effectively isolate the droplet from the

CONCLUSION
surface microstructures and therefore inhibiting interaction
propelled motion . Since the 10 degree sample has signifi
Although the subject matter has been described in lan
cantly taller microstructures ( see Table 1 ) , this interaction guage specific to structural features and / or process opera
remains intact at high temperatures and thus the propulsion tions , it is to be understood that the subject matter defined in
still occurs .
the appended claims is not necessarily limited to the specific
It was also found that the likelihood of a droplet success- 65 features or acts described above . Rather, the specific features
fully traveling in the desired direction was highly dependent and acts described above are disclosed as example forms of
on the surface temperature. Surface temperatures in the implementing the claims.

between droplet and surface microstructures, hence no self- 60
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What is claimed is :

wherein the Leidenfrost energy barrier between the

first patterned region and the second patterned region
a solid structure having a patterned surface , the patterned
controls or constrains the path of travel to the first
surface including at least a first patterned region having
patterned region; and
a first Leidenfrost temperature with respect to a fluid 5 a heating element coupled to the first patterned region and
material and a second patterned region having a second
the second patterned region, the heating element con
Leidenfrost temperature with respect to the fluid mate
figured to heat the first patterned region to the first
rial, the first patterned region being adjacent to the
Leidenfrost temperature and to heat the second pat
second patterned region and forming a Leidenfrost
terned
region to the second Leidenfrost temperature .
energy barrier between the first patterned region and 10 10. The system
of claim 9 , wherein the first patterned
the second patterned region, the first patterned region region
includes
at
least one of a below - surface -growth
defining a path of travel over which a droplet of the (BSG) mound pattern
, an above - surface -growth (ASG)
fluid material is configured to travel in a Leidenfrost mound pattern , and a nanostructure
- covered pyramid (NC
state, and wherein the Leidenfrost energy barrier
between the first patterned region and the second 15 pyramid
)
pattern
.
11. The system of claim 9 , wherein the second patterned
patterned region controls or constrains the path of
region includes at least one of a below - surface - growth
travel to the first patterned region.
2. The microfluidic device of claim 1 , wherein the first (BSG) mound pattern , an above - surface -growth (ASG)
1. A microfluidic device , comprising:

patterned region includes at least one of a below -surface

mound pattern, and a nanostructure - covered pyramid (NC

growth (BSG ) mound pattern , an above - surface - growth 20 pyramid ) pattern .

(ASG) mound pattern , and a nanostructure - covered pyramid
12. The system of claim 9 , wherein the first patterned
region includes at least one of a below - surface - growth
3. The microfluidic device of claim 1 , wherein the second (BSG ) mound pattern , an above -surface -growth ( ASG )
patterned region includes at least one of a below -surface
mound pattern, and a nanostructure - covered pyramid (NC
growth (BSG) mound pattern , an above - surface -growth 25 pyramid ) pattern , and the second patterned region includes
(ASG) mound pattern , and a nanostructure - covered pyramid a different pattern including at least one of a below -surface
(NC -pyramid ) pattern .
growth (BSG) mound pattern , an above -surface -growth
4. The microfluidic device of claim 1 , wherein the first ( ASG ) mound pattern , and a nanostructure - covered pyramid
patterned region includes at least one of a below -surface
(NC -pyramid ) pattern .
growth (BSG) mound pattern , an above - surface - growth 30 13. The system of claim 9 , wherein the first patterned
(ASG) mound pattern , and a nanostructure - covered pyramid region includes a plurality of angled microstructures .
(NC -pyramid ) pattern , and the second patterned region
14. The system of claim 13 , wherein the path of travel of
includes a different pattern including at least one of a the droplet includes a horizontal component that is in a same
below -surface - growth ( BSG) mound pattern , an above - sur direction as a horizontal component of an angle from normal
face - growth (ASG ) mound pattern , and a nanostructure- 35 to a top surface of a microstructure of the plurality of angled
covered pyramid (NC -pyramid ) pattern.
microstructures.
5. The microfluidic device of claim 1 , wherein the first
15. The system of claim 13 , wherein the path of travel of

(NC -pyramid ) pattern .

patterned region includes a plurality of angled microstruc
6. The microfluidic device of claim 5 , wherein the path of 40
travel of the droplet includes a horizontal component that is

tures.

the droplet includes a horizontal component that is in an
opposite direction as a horizontal component of vapor flow
against a top surface of a microstructure of the plurality of
angled microstructures.

in a same direction as a horizontal component of an angle
16. The system of claim 13 , wherein at least one of the
from normal to a top surface of a microstructure of the plurality of angled microstructures is angled between zero
plurality of angled microstructures.
degrees and seventy degrees from normal relative to a
7. The microfluidic device of claim 5 , wherein the path of 45 horizontal plane .
travel of the droplet includes a horizontal component that is
17. The system of claim 9 , wherein the heating element
in an opposite direction as a horizontal component of vapor includes a temperature controller configured to control a
flow against a top surface of a microstructure of the plurality surface temperature of each of the first patterned region and
the second patterned region .
of angled microstructures.
8. The microfluidic device of claim 5 , wherein at least one 50 18. The system of claim 17 , wherein the temperature
of the plurality of angled microstructures is angled between controller includes a thermocouple feedback loop .
zero degrees and seventy degrees from normal relative to a
19. A method comprising:
introducing a liquid droplet to a Leidenfrost microfluidic
horizontal plane .
9. A system comprising:
device, the Leidenfrost microfluidic device including:

a microfluidic device comprising :
a solid structure having a patterned surface , the pat

terned surface including at least a first patterned

55

region having a first Leidenfrost temperature with
respect to a fluid material and a second patterned
region having a second Leidenfrost temperature with 60
respect to the fluid material, the first patterned region
being adjacent to the second patterned region and
forming a Leidenfrost energy barrier between the
first patterned region and the second patterned
region , the first patterned region defining a path of 65
travel over which a droplet of the fluid material is
configured to travel in a Leidenfrost state and

a solid structure having a patterned surface , the pat
terned surface including at least a first patterned
region having a first Leidenfrost temperature with
respect to a fluid material and a second patterned
region having a second Leidenfrost temperature with
respect to the fluid material, the first patterned region
being adjacent to the second patterned region and
forming a Leidenfrost energy barrier between the
first patterned region and the second patterned
region , the first patterned region defining a path of
travel over which a droplet of the fluid material is
configured to travel in a Leidenfrost state and
wherein the Leidenfrost energy barrier between the
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first patterned region and the second patterned region
controls or constrains the path of travel to the first
patterned region;
regulating a temperature of the first patterned region to the
first Leidenfrost temperature;

5

regulating a temperature of the second patterned region to
the second Leidenfrost temperature; and
propelling the liquid droplet along the path of travel at the
Leidenfrost state .
20. The method of claim 19 , wherein propelling the liquid 10
droplet along the path at the Leidenfrost state includes
maintaining the liquid droplet along the path of travel
defined by the first patterned region .

